The present invention relates to an implantable microfabri cated Sensor device and System for measuring a physiologic parameter of interest within a patient. The implantable device is micro electromechanical system (MEMS) device and includes a Substrate having an integrated inductor and at least one Sensor formed thereon. A plurality of conductive paths electrically connect the integrated inductor with the Sensor. Cooperatively, the integrated inductor, Sensor and conductive paths defining an LC tank resonator.
The present invention generally relates to the field of MEMS (micro-electromechanical systems) sensors and more specifically to a wireless MEMS capacitive sensor for implantation into the body of a patient to measure one or more physiologic parameters. A number of different biologic parameters are Strong candidates for continuous monitoring. These parameters include, but are not limited to blood pressure, blood flow, intracranial preSSure, intraocular preSSure, glucose levels, A number of proposed Schemes for wireleSS communica tion rely on magnetic coupling between an inductor coil asSociated with the implanted device and a separate, external "readout' coil. For example, one method of wireless com munication (well-known to those knowledgeable in the art) is that of the LC (inductor-capacitor) tank resonator. In Such a device, a Series-parallel connection of a capacitor and inductor has a specific resonant frequency, expressed as 1/ VLC, which can be detected from the impedance of the circuit. If one element of the inductor-capacitor pair varies with Some physical parameter (e.g. pressure), while the other element remains at a known value, the physical parameter may be determined from the resonant frequency. For example, if the capacitance corresponds to a capacitive preSSure Sensor, the capacitance may be back-calculated from the resonant frequency and the Sensed pressure may then be deduced from the capacitance by means of a calibrated pressure-capacitance transfer function.
The impedance of an LC tank resonator may be measured directly or it may also be determined indirectly from the impedance of a separate readout coil that is magnetically coupled to the internal coil. The latter case is most useful for biologic applications Since the Sensing device may be Sub cutaneously implanted, while the readout coil may be located external to the patient, but in a location that allows magnetic coupling between the implanted Sensing device and readout coil. It is possible for the readout coil (or coils) to Simultaneously excite the resonator of the implanted de Vice and Sense the reflected back impedance. Consequently, this architecture has the Substantial advantage of requiring no internal power Source, which greatly improves its prospects for long-term implantation (e.g. decades to a human lifetime). In nearly all of the aforementioned cases, the disclosed devices require a complex electromechanical assembly with many dissimilar materials, which will result in Significant temperature-and aging-induced drift over time. Such assem blies may also be too large for many desirable applications, including intraocular pressure monitoring and/or pediatric applications. Finally, complex assembly processes will make Such devices prohibitively expensive to manufacture for widespread use.
AS an alternative to conventionally fabricated devices, microfabricated Sensors have also been proposed. One Such device is taught by Darrow (U.S. Pat. No. 6, 201.980) . Others are reported in the literature (see, e.g. Park, et al., Jpn. J. Appl. Phys., 37 (1998), pp. 7124-7128; Puers, et al., J. Micromech. Microeng. 10 (2000) implant-readout Separation distances of 1-2 cm at most, rendering them impractical for implantation much deeper than immediately below the cutaneous layer. This eliminates from consideration wireleSS Sensing applications, Such as heart ventricle pressure monitoring or intracranial pressure monitoring, that inherently require Separation distances in the range of 5-10 cm. In the present State-of-the-art, Several factors have contributed to this limitation on the Separation distance including 1) signal attenuation due to intervening tissue, 2) Suboptimal design for magnetic coupling effi ciency; and 3) high internal energy losses in the implanted device.
In view of the above and other limitations on the prior art, it is apparent that there exists a need for an improved wireless MEMS sensor system capable of overcoming the limitations of the prior art and optimized for Signal fidelity, transmission distance and manufacturability. It is therefore an object of the present invention is to provide a wireleSS MEMS sensor system in which the sensing device is adapted for implantation within the body of patient.
A further object of this invention is to provide a wireless MEMS sensor system in which the separation distance between the Sensing device and the readout device is greater than 2 cm, thereby allowing for deeper implantation of the Sensing device within the body of a patient.
Still another object of the present invention is to provide a wireless MEMS sensor system in which the sensing device utilizes an integrated inductor, an inductor microfabricated with the sensor itself.
It is also an object of this invention to provide a wireleSS MEMS sensor system in which the sensing device is bat teryleSS.
A further object of the present invention is to provide a wireless MEMS sensor system.
BRIEF SUMMARY OF THE INVENTION
In overcoming the limitations of the prior art and achiev ing the above objects, the present invention provides for a wireless MEMS sensor for implantation into the body of a patient and which permits implantation at depths greater than 2 cm while still readily allowing for reading of the Signals from the implanted portion by an external readout device.
In achieving the above, the present invention provides a MEMS sensor system having an implantable unit and a non-implantable unit. The implantable unit is microfabri cated utilizing common microfabricating techniques to pro vide a monolithic device, a device where all components are located on the same chip. The implanted device includes a Substrate on which is formed a capacitive Sensor. The fixed electrode of the capacitive Sensor may formed on the Sub strate itself, while the moveable electrode of the capacitive Sensor is formed as part of a highly doped silicon layer on top of the Substrate. Being highly doped, the Silicon layer itself operates as the conductive path for the moveable electrode. A separate conductive path is provided on the Substrate for the fixed electrode.
In addition to the capacitive Sensor, the implanted Sensing device includes an integrally formed inductor. The integral inductor includes a magnetic core having at least one plate and a coil defining a plurality of turns about the core. One end of the coil is coupled to the conductive lead connected with the fixed electrode while the other end of the coil is electrically coupled to the highly doped Silicon layer, In order to optimize the operation of the inductor and to permit greater implantation depths, a novel construction is additionally provided for the magnetic core. In general, the optimized magnetic core utilizes a pair of plates formed on opposing Sides of the Substrate and interconnected by a post extending through the Substrate. The windings of the coil, in this instance, are provided about the post.
The external readout device of the present System also includes a coil and various Suitable associated components, as well known in the field, to enable a determination of the preSSure or other physiologic parameter being Sensed by the implanted Sensing device. The external readout device may Similarly be utilized to power the implanted Sensing device and as Such the implanted Sensing device is wireleSS.
Integrally formed on the implanted device and microfab ricated therewith, may be additionally be active circuitry for use in conjunction with capacitive Sensor. Locating this circuitry as near as possible to the capacitive Sensor mini mizes noise and other factors which could lead to a degra dation in the received signal and the Sensed measured physiologic parameter. AS Such, the active circuitry may be integrally microfabricated in the highly doped Silicon layer mentioned above.
Further object and advantages of the present invention will become apparent to those skilled in the art from a review of the drawings in connection with the following description and dependent claims. In order to provide for battery-less, wireleSS physiologic parameter Sensing over Significant distances greater than 2 cm (e.g. 10 cm), the present invention provides a wireless MEMS Sensing System, generally designated at 10 and Seen schematically in FIG. 1. The system 10 includes a micro fabricated implantable Sensing device 12, optimized for coupling with an external readout device 14. The Sensing device 12 is provided with an integrated inductor 16 that is conductive to the integration of transducers and/or other components necessary to construct the WireleSS Sensing System 10. AS an example, the preferred embodiment inte grates a capacitive pressure Sensor 18 into a common substrate 20 with the integrated inductor 16. A second inductor 24, in the readout device 14, couples magnetically 26 with the integrated inductor 16 of the sensing device 12.
The readout device 14 is constructed according to tech niques well known in the industry and in the Sensing field in general. AS Such, the readout device 14 is not illustrated or Top and bottom cap layerS 44 and 46 respectively, are provided over upper and lower faces 48 and 50 of the substrate 20 and over the top and bottom plates 36 and 38 of the magnetic core 33. To accommodate any portions of the magnetic core 33 that extend Significantly above or below the upper and lower faces 48 and 50 of the substrate 20, the cap layers 44 and 46 may be provided with recesses 52 and 54, respectively. Preferably, the cap layers 44 and 46 are of monocrystalline Silicon. Other preferred materials include polycrystalline Silicon, epitaxially deposited Silicon, ceramics, glass, plastics, or other materials that can be bonded to lower Substrate and/or are Suitable for fabrication of the Sensor diaphragm. In lieu of a monolithic cap layer, Several Sub-pieces may be fabricated at Separate process Steps, together forming a complete cap layer after processing In a preferred embodiment, the Secondary (or reference) electrodes 70 would require an additional coil, similar to construction of the previously mentioned coil 42 to form a Separate LC tank circuit. It is noted, that both coils may, however, share the same core post 40.
Under of FIG. 7 , capacitance-pressure relationship in the proximity and touch modes, respectively designated at 76 and 78, are seen. From a practical standpoint, the operational mode may be chosen based upon Sensitivity, linearity, and dynamic range requirements. The touch mode typically yields higher Sensitivity with a more linear output, but involves mechanical contact between Surfaces and there fore requires a careful choice of the materials to avoid wear induced changes in performance of the pressure Sensor 18.
To permit the innermost turn of the coil 42 to be electri cally connected to the moveable electrode 66, a post 80 Alternatively, a p-n junction structure (as further described below) could be used.
It is noted that the inner and outer turns of the coil 42 may be alternatively connected respectively to the fixed electrode 66 and the moveable electrode 64, thereby reversing the polarity of the LC tank circuit 22 if desired. Additionally, the particular paths between the coil 42 and the electrodes 66 and 64 may also be varied (e.g., Such that both are included on the substrate 20) as best suited by the fabrication process.
In all cases, the resistance of the electrical path through the traces 82, 84 and the upper cap layer 44 (if used) should be minimized.
The upper and lower cap layers 44 and 46 are bonded to the Substrate 20 preferably via a hermetic Sealing process. Alternatively, a post-bond coating of the entire Sensing device 12 may be used to establish hermeticity. In either Situation, StepS are taken to minimize the residual gas preSSure within the Sensing device 12 after a hermetic Seal is established. Once the initial hermetic Seal is achieved, gas may be trapped in the interior of the Sensing device 12 due to continued outgassing of the interior Surfaces and/or the bonded regions. Gas pressure of the residual gas will increase within the interior chamber 90 of the pressure Sensor 18 as the diaphragm 64 deflects during normal operation. This residual gas may effect the Overall Sensitivity of the pressure Sensor 18 by effectively increasing the Spring constant of the diaphragm 64. Additionally, the residual gas will expand and/or contract with changes in the temperature of the Sensing device 12 itself, causing Signal drift.
To compensate for the various negative effects of any residual gas, the pressure Sensor 18 is provided with a displacement cavity 88. This displacement cavity 88 is generally Seen in FIG. 3 and is in communication either directly or through a Small connecting channel with the interior chamber 90 of the pressure sensor 18, defined between the diaphragm 64 and the fixed electrode 66. The displacement cavity 88 is sized such that the total internal Sensor Volume, the combined Volume of the displacement cavity 88 and the interior chamber 90, varies minimally with deflection of the diaphragm 64 over its operational range of displacement. By minimizing the Overall change in Volume with deflection of the diaphragm 64, the effect of the residual gasses are minimized and Substantially eliminated. In the preferred embodiment, the Volume of the displacement cavity 88 is approximately ten times greater than the Volume of the chamber 90. To further reduce temperature induced drift and to increase the sensitivity of the device 12, lower pressures within the internal volume 90 should be used.
In addition to the preferred embodiment, other configu rations for the Sensing device 12 are possible. Depending on the relative sizes of the diaphragm 64 and coil 42, the diaphragm 64 may be located within, above, or below the turns of the coil 42, as well as off to one end or side of the device 12 as seen in FIG. 3 . The post 40 and/or one of the plates 36 or 38 of the magnetic core 33, may be omitted to simplify fabricating. However, this would be to the detri ment of performance. Alternate lead transfer Schemes may be used instead of the disclosed traces 82 and 84 that connect the coil 42 to the sensor 18. More or fewer wafer layers may be used to adapt manufacturing processing to available technologies. For example, the entire magnetic core 33 could be formed on the top side of the substrate 20, thereby eliminating the need for lower cap layer 46. Multiple coil layerS could also be implemented to increase the coil turn count. Finally, the overall shape of the device 10 may be Square, round, Oval, or another shape.
To isolate the internal volume of the pressure sensor 18 from the internal volume of the integrated inductor 16, a hermetic lead transfer can be provided as a Substitute for the dielectric layer 86. Ahermetic lead transfer would eliminate outgassing from the inductor coil 42 and magnetic core 33 as a source of drift for the pressure sensor 18, thereby improving long-term Stability. The hermetic lead transfer may be accomplished by any of Several means that provide a Sealed and electrically isolated conductive path. One example, of a mechanism for achieving a Sealed and elec trically isolated conductive path is through the use of a p-n junction structure 92 in the sensor 18". This is illustrated in   FIG. 9 . The p-n junction structure 92 (with p-material forming the diaphragm) forms an electrically isolated path in a Silicon layer and provides for electrical contact between a fixed electrode 66" and a lead trace 94 but not from the fixed electrode 66" to the diaphragm 66".
In another alternative construction, a separate polysilicon layer 96 forms a conductive path to a fixed electrode 66". The conductive layer 96 is insulated, by a separate insulating layer 98, from the doped silicon rim 100 of the sensor 18".
An alternative embodiment of the present Sensing device, designated as 12", includes active circuitry for immediate processing of the data including logging, error correction, encoding, analysis, multiplexing of multiple Sensor inputs, etc. Since the Sensing device 12" of this embodiment, Seen In the illustrated configuration, the integrated inductor 16 serves as an antenna for RF telemetry with the external readout device 14. Using RF modulation Schemes well know to those skilled in the art, the RF magnetic field 26 transmitted from the device 14 provides both data com munication and necessary power to the circuitry 102. The received energy acroSS inductor 16 is rectified and Stored temporarily in an onboard capacitor or power Supply des ignated at block 104. The input decoder 103 may receive digital data pertaining to short or long term memory or real time clock Signals, and may transfer this information to the control logic 107. The front end conditioning circuitry 109 converts an analog Sensor Signal into a form that is encoded and amplified by the output driver 105. The integrated inductor 16 then serves to transmit the RF signal back to the external readout device 14, where the information can be processed, Stored, or displayed. The many variations for circuit implementations of the rectifier of 104, modulation and coding schemes encompassing blocks 103 and 105, analog circuitry 109 and needed control logic 103 will be appreciated.
A key issue for Sensing physiologic parameters in medical applications is that the Sensor must be biocompatible. Bio compatibility involves two issues: the effect of the sensor on the body (toxicity), and the effect of the body on the sensor (corrosion rate). While the fabrication of the substrate 20 of Pyrex glass, as described in connection with FIG. 3 , would be advantageous Since Pyrex is highly corrosion resistant, additional measures must be taken to include the corrosion resistance of the Silicon and other components of the Sensing device 12. One method of improving those structures of the Sensing device 12 formed of Silicon, Such as the upper and lower cap layerS 44 and 46, is to fabricate those Structures of heavily boron-doped silicon. Heavily boron-doped silicon is believed to be largely corrosion resistant and/or harmless to tissues in biologic environments.
Another method by which corrosion resistance of the implanted device 12 may be improved is through coating of the device 12 with titanium, iridium, Parylene (a biocom patible polymer), or various other common and/or propri etary thick and thin films. Such a coated device provides two levels of corrosion resistance: and underlying Stable Surface and a separate, stable coating (which may also be selectively bioactive or bioinert). Provided with these two levels of corrosion resistance, even if the outer coating contains pinholes, cracks, or other discontinuities, the device 12 retains a level of protection.
A number of different, and at times application-specific, Schemes can be envisioned for long-term use of the Sensing device 12 of the present invention. In general, it is necessary to anchor the device 12 so that migration of the device 12 does not occur within the patient. A dislodged device 12 may migrate away from the physiologic parameter intended to be Sensed, thereby rendering the device 12 useleSS for its intended purpose and requiring implantation of another device 12. A variety of Such anchoring Schemes is discussed AS an alternative to the foregoing embodiments, the preSSure Sensor 18 of the Sensing device 12 may be aug mented and/or replaced with a structure or sensor 18' that allows a parameter other than preSSure to be sensed. For clarity, in FIG. 22 The pressure, temperature or other data Sensing technology, in its various forms, may be incorporated into an open or closed-loop therapeutic System for the treatment of medical conditions which require or benefit from regular, Subcutaneous monitoring of preSSures or other parameters. The System may be used, for example, to control the administration of drugs. One particular application of this would be to control hyper-or hypotension. In the preferred embodiment, preSSure data from the Sensor, alone or in conjunction with other real-time or preexisting data, is used to adjust drug or other therapy for hypo-or hypertensive patient. Therapy is provided by means of a control module worn by, or implanted within, the patient (similar to e.g., an insulin pump for diabetics). The module may alert the user to take action, directly administer a drug intravenously, and/or initiate other invasive or non-invasive responses. 7. The sensor device of claim 1 wherein said integrated inductor includes a magnetic core and a winding comprised of a conductive material about Said magnetic core.
8. The sensor device of claim 7 wherein said magnetic core includes a plate member formed on a first face of Said Substrate. 9. The sensor device of claim 8 wherein said magnetic core further includes a Second plate member, Said Second plate member being formed on a Second face of Said Substrate and located generally opposite of Said first plate member.
10. The sensor device of claim 9 further comprising a post extending through Said Substrate and connecting Said first plate to Said Second plate.
11. The sensor device of claim 8 wherein said winding is formed within said first plate.
12. The Sensor device of claim 8 further comprising a cap layer formed over Said plate member.
13. 
